22 37 38 39 40 41 42 43 44 45 Among the non-fermenting Gram-negative bacteria, the Pseudomonas genus is the one with 46 the highest number of species [1, 2]. Pseudomonas aeruginosa, an opportunistic human 47 pathogen associated with an ever-widening array of life-threatening acute and chronic 48 infections, is the most clinically relevant species within this genus [3-5]. P. aeruginosa is one 49 of the CDC "ESKAPE" pathogens -Enterococcus faecium, Staphylococcus aureus, Klebsiella 50 pneumoniae, Acinetobacter baumannii, P. aeruginosa and Enterobacter species -, 51 emphasizing its impact on hospital infections and the ability of this microorganism to "escape" 52 the activity of antibacterial drugs [6]. P. aeruginosa can develop resistance to a wide range of 53 antibiotics due to a combination of intrinsic, adaptive, and acquired resistance mechanisms, 54 such as the reduction of its outer membrane permeability, over-expression of constitutive or 55 inducible efflux pumps, overproduction of AmpC cephalosporinase, and the acquisition of 56 antibiotic resistance genes (ARGs) through horizontal gene transfer (HGT) [4, 7, 8]. P. 57
Abstract 23 The evolution and spread of antibiotic resistance is often mediated by mobile genetic 24 elements. Integrative and conjugative elements (ICEs) are the most abundant conjugative 25 elements among prokaryotes. However, the contribution of ICEs to horizontal gene transfer 26 of antibiotic resistance has been largely unexplored. Here we report that ICEs belonging to 27 mating-pair formation (MPF) classes G and T are highly prevalent among the opportunistic 28 pathogen Pseudomonas aeruginosa, contributing to the spread of carbapenemase-encoding 29 genes (CEGs). Most CEGs of the MPFG class were encoded within class I integrons, which co- 30 harbour genes conferring resistance to other antibiotics. The majority of the integrons were 31 located within Tn3-like and composite transposons. A conserved attachment site could be 32 predicted for the MPFG class ICEs. MPFT class ICEs carried the CEGs within composite 33 transposons which were not associated with integrons. The data presented here provides a 34 global snapshot of the different CEG-harbouring ICEs and sheds light on the underappreciated 35 contribution of these elements for the evolution and dissemination of antibiotic resistance 36 on P. aeruginosa.
Introduction
other Pseudomonas spp. and is often mediated by the acquisition of carbapenemase- 68 encoding genes (CEGs) [12] [13] [14] . Carbapenemases are able to hydrolyse carbapenems and 69 confer resistance to virtually all ß-lactam antibiotics [15] . When it comes to the Pseudomonas 70 genus, CEGs are mostly present on class I integrons within the chromosome [4] . Class I 71 integrons are genetic elements that carry ARGs and an integrase gene, which controls 72 integration and excision of genes [16] [17] [18] . Mobile genetic elements (MGEs) such as 73 transposons, plasmids and integrative and conjugative elements (ICEs), are responsible for 74 the spread of ARGs [19] [20] [21] [22] [23] . The phage-inducible chromosomal islands are a recently reported 75 family of MGEs, but unrelated to the carriage of ARGs [24] . 76 Usually, the genes acquired by HGT are integrated in common hotspots in the host's 77 chromosome, comprising a cluster of genes designated by genomic islands (GIs) [19, 25, 26] . 78 This broad definition may also encompass other MGEs, such as ICEs and prophages. Although 79 the exact origin of these elements remains unknown, a growing body of evidence shows that 80 phages are one of the likely major ancestors of ICEs [27] [28] . ICEs are self-transmissible 81 mosaic and modular MGEs that combine features of transposons and phages (ICEs can 82 integrate into and excise from the chromosome), and plasmids (ICEs can also exist as circular 83 extrachromosomal elements, replicate autonomously and be transferred by conjugation) [ A close interplay between these elements in the ancient clades of the phylogenetic tree was 98 observed, suggesting that plasmids may behave like ICEs and vice-versa, reinforcing the 99 common assumption that the line separating ICEs and conjugative plasmids is blurring [30, 100 39]. These authors also searched more than 1000 genomes and found that ICEs are present 101 in most bacterial clades and are more prevalent than conjugative plasmids [38] . It was also 102 observed that the larger the genome, the higher the likelihood to harbour a conjugative 103 element at a given moment, which supports the common assumption that bacteria with large 104 genomes are more prone to acquire genes by HGT [40, 41] (Figure 1 and Table S1 ). As expected, blaVIM-2 represents the majority of the CEGs 184 found among Pseudomonas spp., being detected mainly in P. aeruginosa, followed by P.
185 plecoglocissida, P. guariconensis, P. putida, P. stutzeri and 16 genomes corresponding to 186 unidentified species (Table S1) NA is shown when no output was obtained by the platform or the conjugative module system was incomplete due to contig fragmentation; 231 5, 6 NA is shown when the ICE sequence was incomplete due to contig fragmentation or delimitation of the entire element was not successful; 232 7 Representation of total ARGs associated with the same CEG; a given strain harbouring the referred CEG may not present all ARGs here reported; ∆ represents incomplete genes.
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All ICEs identified here possessed only one tyrosine integrase (Figure 2) . ICEs belonging to the 235 ICEclc family (MPFG class) carried an integrase belonging to the bacteriophage P4-like family, 236 while ICEs belonging to the ICETn4371 family (MPFT class) carried an integrase belonging to 237 shufflon-specific DNA recombinase Rci and Bacteriophage Hp1-like family ( Table 1) . 31 Rci and 238 Hp1-like were only distantly related (13% amino acid identity) to P4-like integrases. 239 Orthologous assignment of these integrases revealed that the former and the later integrases 240 identified were present in more than 100 and 400 proteobacteria species, respectively. While the CEGs. A more detailed view of some of these transposons is displayed in Figure 3 . 252 
253
We observed that MPFG class ICEs tend to integrate next to a single copy of tRNA Gly or a cluster 254 of two tRNA Glu and one tRNA Gly genes, which is in agreement with previous findings [26, 40] . 1 and Figure 3) . surrounding these genes (Figure 3D) . This ICE was integrated between a gene encoding for a 315 biopolymer transport protein ExbD/TolR (C3F42_RS18665) and a gene encoding for an 316 alpha/beta hydrolase (C3F42_RS18995). An atypical GI encoding carbapenemases 340 Besides ICEs, we also identified an atypical 19.8-kb long GI harbouring blaVIM-2 in P. aeruginosa 341 AZPAE13853 and AZPAE13858 strains from India (Figure S1) . A similar element was also 342 observed in P. aeruginosa BTP038 strain from the USA, with the exception that the Tn402-like 343 transposon harbouring blaVIM-2 was orientated in an inverted position. Five base-pair DRs (5'-344 CTCTG in AZPAE13853 and AZPAE13858 and 5'-CTGAG in BTP038 strains) were found flanking 345 this transposon structure. Importantly, in these strains the GIs were flanked by identical signal 346 recognition particle RNAs (srpRNAs), indicating a strong site preference for these elements. was the most frequently reported CEG (Figure 1 and MGEs specifically targeting conserved regions of the genome such as tRNAs are common and 397 this specificity represents an evolutionary strategy whereby the target site of an element is 398 almost guaranteed to be present, due to its essentiality, and very unlikely to change due to 399 biochemical constraints of the gene product. We think a similar situation exists for the 400 elements found between the small srpRNAs described on the atypical GI element here 
